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INTRODUCTION
For the planning of high-precision radiation therapy (RT) the accurate contour of the gross tumor volume (GTV) must be known. This information permits dose escalation to levels required for improved local control without increasing toxicity to normal tissues. F-18-fluorodeoxyglucose (FDG)-positron emission tomography (PET)/CT-fused imaging can improve the accuracy of GTV assessment and reduce interobserver variation. [1] [2] [3] [4] [5] GTV contouring is based on the visual interpretation of PET/CT-fused images. [2] [3] [4] [5] The standardized uptake value (SUV) is considered to be a quantitative parameter for GTV contouring. In studies that assessed the ratio of marginal activity to maximum SUV (SUV max ) in each lesion, the threshold ratio ranged from 15-50%; [6] [7] [8] [9] [10] [11] [12] [13] others recommended an SUV threshold of 2.5. 14, 15) The tumor size and background activity affect threshold levels for GTV contouring with SUV [6] [7] [8] [16] [17] [18] and multiplethreshold methods based on the tumor size have been proposed. 7, 8) In addition, more complex formulae that include the tumor size, mean tumor activity, and background activity were proposed for calculating threshold levels. [16] [17] [18] In practical GTV contouring, however, there is no exact information on the tumor size and background activity varies from case to case. Not only the main tumor but also associated lesions and lymph node metastases must be considered 1, 8, 13) and to date, no acceptable threshold methods for GTV contouring with SUV have been established. As controversy continues to surround the appropriateness of PET-based GTV assessment, FDG-PET/CT-fused imaging for RT planning rather than tumor-staging remains an important issue in the clinical research arena. 19, 20) The purpose of our study was to assess the feasibility of FDG-PET/CT-based GTV contouring.
MATERIALS AND METHODS

Phantoms and FDG-PET/CT fused imaging
We used a body phantom set (Data Spectrum Corporation, Hillsborough, NC, USA); National Electrical Manufacturers Association (NEMA) International Electrotechnical Commission (IEC) consisting of an elliptical bowl (the volume of 10.3 l) and 6 spheres. The inner diameter and volume of the spheres were 10 mm, 0.52 ml; 13 mm, 1.15 ml; 17 mm, 2.57 ml; 22 mm, 5.57 ml; 28 mm, 11.49 ml; and 37 mm, 26.52 ml. We regarded each sphere as the source and the elliptical bowl as the background. At the time of image acquisition, each sphere was filled with 2-3 μCi/ml of FDG (Nihon Medi-Physics, Tokyo, Japan); the bowl was filled with FDG to obtain 3 different source-to-background ratios (SBRs), i.e. 4, 8, and 16. 9,16) PET imaging was on a whole-body 3-dimensional (3D) PET/CT scanner (Gemini GXL; Philips Medical Systems, Cleveland, OH, USA). We acquired low-dose CT images (63 mA, 120 kV, 512 × 512 matrix, 600-mm field of view (FOV), 5-mm slice thickness) and then performed emission measurements in 3D mode with a 144 × 144 matrix. The emission scan time per bed position was 5 min; one bed position (FOV 576 mm) was acquired. Attenuation correction was with CT transmission data and emission images were reconstructed using the line of response-row-action maximum likelihood algorithm (LOR-RAMLA); the reconstructed images had a 4-mm slice thickness.
Image analysis
PET and CT images were transferred to the 3D-radiotherapy planning system (RTPS, Pinnacle 3 8.0d; Philips Medical Systems, Fitchburg, MA, USA). Registration between PET and CT images was performed by the hardware arrangement. Using the registered CT images we measured the maximum intensity (Imax) in 6 spheres with 3 SBRs on PET images. The ratio to Imax (%Imax) at 5% intervals was applied as the threshold to contour the spheres. The ratio between contoured-and actual volumes {volume ratio (%) = contoured volume/actual volume × 100} was calculated and the optimal %Imax providing a volume ratio close to 100% was selected as the threshold ratio. For GTV contouring in the presence of multiple lesions, we applied the threshold value (Imax × threshold ratio) for the largest 37-mm sphere to the 6 spheres. The largest and smaller spheres were regarded as obvious-and obscure lesions, respectively. We compared the volume ratios using 2 contouring methods A and B. In method A, the threshold value for each sphere was adapted based on the actual tumor volume and SBR; the threshold value was determined by the optimal %Imax. In method B, the threshold value for the largest 37-mm sphere was applied to other spheres. Without knowing the exact tumor size and background activity it is difficult to apply method A, in which the threshold values were optimal for all spheres, in the clinical setting; method B is more practical.
Statistical analysis
We used the Friedman test with multiple comparisons to compare the I max , threshold ratio, and volume ratio in 6 spheres with 3 SBRs. Statistical analyses were with the MedCalc program (version 9.2.1.0; MedCalc Software, Mariakerke, Belgium). Differences of p < 0.05 were considered statistically significant.
RESULTS
In the visual interpretation of PET images, smaller spheres were obscure and lower SBR resulted in unclear margins for all spheres (Fig. 1) . The Imax of smaller spheres was lower than of the largest 37-mm sphere (p < 0.001) ( Table 1 ). Figure 2 shows the contoured volumes of the largest 37-mm sphere with 3 SBRs. The threshold ratio in 6 spheres with 3 SBRs ranged from 25-80%; it tended to be higher for smaller spheres (p = 0.003) and lower SBRs (p < 0.001) ( Table 2) . Table 3 shows the contoured/actual volume ratios obtained with contouring methods A and B in 6 spheres with 3 SBRs. Method A with the adaptive threshold value for each sphere provided contoured volumes close to the actual volume under all conditions except the smallest 10-mm sphere with an SBR of 4. Method B with the threshold value for the largest 37-mm sphere tended to provide contoured Abbreviations: SBR = source-to-background ratio; Imax = maximum intensity. Numbers are the ratio of Imax to the largest 37-mm sphere.
volumes smaller than the actual volume; this tendency was strong in the smaller spheres (p = 0.010). The smallest 10-mm sphere was not contoured.
DISCUSSION
To evaluate its practical clinical applicability, we performed a phantom study that assessed the feasibility of GTV contouring with FDG activity. Our results demonstrate that smaller lesions and higher background activity require a higher threshold ratio. However, smaller lesions require lower threshold values because their maximum FDG activity is lower. Therefore, at GTV contouring in the presence of multiple lesions, the threshold value for the largest lesion can be expected to provide contoured volumes that are smaller than the actual volume of smaller (obscure) lesions. It has been shown that 15-50% of the maximum FDG activity and an SUV of 2.5 were appropriate threshold levels for GTV contouring, [6] [7] [8] [9] [10] [11] [12] [13] however, these threshold levels vary depending on the study design. The tumor size affects the threshold level; our threshold ratios ranged from 25-80% and tended to be higher for smaller spheres. Elsewhere we presented a size-based cutoff SUV for lymph node staging of head-and-neck cancer. 1) Yu et al. 6) showed that the appropriate threshold ratios were 31% ± 11% and inversely correlated with the tumor diameter in patients with nonsmall-cell lung cancer. Biehl et al. 7) suggested that the optimal threshold ratios were 42%, 24%, and 15% for tumors smaller than 3 cm, between 3 and 5 cm, and those larger than 5 cm, respectively. Okubo et al. 8) proposed that the threshold for tumors smaller than 2 cm, 2-5 cm, and larger than 5 cm was 2.5 SUV, and 35% and 20% of the maximum SUV, respectively. Although size-based thresholds may be useful for GTV contouring, our results suggest that observers must take background activity into account.
Not only the tumor size but also factors such as the background activity, tumor site, tumor motion (internal margin), image reconstruction algorithms, and the scanning protocol and the type of PET/CT scanners used should affect GTV contouring with SUV. [18] [19] [20] [21] Threshold ratios for tumors at different sites have been reported, they are 15-50% for lung tumors, [6] [7] [8] [9] [10] 40-50% for head-and-neck tumors, 11) and 40% for pelvic tumors. 12, 13) With respect to the background activity we found that higher background activities that yield lower SBRs require higher threshold ratios. In other phantom studies, 9, 18) threshold rates also depended on the SBRs. Higher background activities raise the margin activity and result in overestimation of the GTV. From a practical standpoint, peritumoral inflammation can be expected to result in higher background activities and an overestimation of the GTV. Consequently, the appropriate threshold levels must be determined on a case-by-case basis and depend on the type of PET/CT scanner used and the protocols applied at different institutions.
FDG-PET/CT should not be used as a single modality but rather it should be employed to obtain supplemental information. [1] [2] [3] In practical GTV contouring, the anatomical information on CT and/or MR images must be evaluated as the results determine the adaptive threshold level of functional activity on FDG-PET/CT images. 3, 9) Then the contoured GTV should be adjusted based on a re-evaluation of Fig. 2 . Contoured volumes in the largest 37-mm sphere with source-to-background ratios (SBRs) of 4, 8, and 16. We applied the ratio to maximum intensity (%Imax) at 5% intervals as the threshold for contouring. The horizontal dashed line indicates the actual volume (26.52 ml). The optimal %Imax was selected as the threshold ratio that provided the contoured volume closest to the actual volume. Abbreviation: SBR = source-to-background ratio. Threshold ratios were the optimal ratios to the maximum intensity (Imax) that provided a contoured volume close to the actual volume. Abbreviations: SBR = source-to-background ratio; Volume ratio = contoured volume/actual volume × 100 (%). Methods A and B used the threshold value for each-and the largest 37-mm sphere, respectively.
CT and/or MR images. In this process, the use of fixed threshold levels and complex formulae is not appropriate. Considering the presence of multiple lesions, we compared 2 contouring methods. We conclude that in the clinical setting where exact information on the tumor size and background activity may not be available, it is difficult to apply method A, in which the threshold level for each lesion is adapted based on the actual tumor volume and SBR. With method B, the threshold levels for anatomically obvious lesions could be applied to other obscure lesions; however, the contoured volumes should be expanded based on clinical data including conventional anatomical imaging results. Lastly, the limited resolution of PET images and difficulties in the contouring of small lesions must be considered.
In conclusions, FDG-PET/CT-fused imaging should not be used as a single modality but rather to obtain supplemental information in RT planning. The threshold levels should be determined on a case-by-case basis; smaller lesions and higher background activities require a higher threshold ratio and smaller lesions a lower threshold value. The contoured GTV should be adjusted based on clinical data including conventional images.
